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I NTROOUCT I ON 
A de ta i l ed  expos i t ion  o f  s t a t i s t i c a l  mechanical theor ies o f  t ranspor t  
p roper t ies  could e a s i l y  f i l l  a volume o f  many hundreds o f  pages. Such a 
t r e a t i s e  would invo lve  d i f f i c u l t  and soph is t i ca ted  mathematics. And the  
presenta t ion  o f  t h i s  mater ia l  could e a s i l y  requ i re  one hundred hour-long 
lectures,  a year-long course a t  the u n i v e r s i t y  graduate school leve l .  
For tunate ly  our i n te res ts  here a re  more modest. This conference i s  
concerned w i t h  the  proper t ies  of steam; we a re  in te res ted  i n  theor ies of 
t ranspor t  p roper t ies  inso far  as theory can a i d  i n  se lec t i ng  proper t ies  of 
water and steam. Consequently I w i l l  dwel l  p r i n c i p a l l y  on r e s u l t s  ra ther  
than theo re t i ca l  developments per se; resu l t s  which have some bear ing on 
the  proper t ies  o f  steam. 
The theor ies w i l l  be considered I n  t u r n  as they r e l a t e  t o  the  
fo l l ow ing  regimes: 
1 .  The d i l u t e  gas 
2. The d i ssoc ia t i ng  gas ( i n  the case o f  steam, temperatures i n  
excess o f  170OoC a t  atmospheric pressure) 
3 .  The moderately dense gas 
4. The gas i n  the c r i t i c a l  region 
5. The l i q u i d  s tate.  
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I n  a l l  regimes save the  l a s t  - t h e  l i q u i d  s ta te  - theory  may be o f  some 
help i n  se lect ing,  c o r r e l a t i n g  o r  p r e d i c t i n g  t ranspor t  p roper t i es  o f  steam, 
THE DILUTE GAS 
Our discussion o f  the  d i l u t e  gas w i l l  consider, f i r s t  o f  a l l ,  the  
theory for  monatomic gases, and then ind i ca te  what mod i f i ca t ions  a r e  
a v a i l a b l e  t o  t r e a t  polyatomic gases. 
Noris t o y : ;  c Gases 
For d i l u t e  monatomic gases we have a very complete theory due t o  
Chapman and Enskog. Thei r  r igorous development i s  based on knowledge o f  
the d i s t r i b u t i o n  func t i on  fik, v i ,  t ) .  
ber o f  molecules o f  species i which l i e  i n  a u n i t  volume about the  p o i n t  
and have v e l o c i t i e s  w i t h i n  a u n i t  range about vi a t  t ime t. 
a t  e q u i l i b r i u m - t h a t  i s ,  there  a r e  no gradients  o f  composition, v e l o c i t y ,  
o r  temperature- then fi(L, vi ,  t) reduces t o  the Maxwelllan d i s t r i b u t i o n  
This  f u n c t i o n  represents the  num- 
i f  the  gas i s  
'/2kT). 
s f i e s  the Boltzmann i n t e g r o - d i f f e r e n t i a l  
When the  system i s  not  a t  e q u i l i b r i u m  
the d i s t r i b u t i o n  func t i on  sa t  
equa t i on, 
We a r e  i n te res ted  i n  the  proper t ies  o f  gases which a r e  on ly  s l i g h t l y  
d i f f e r e n t  from equ i l ib r ium,  s ince i t  i s  o n l y  under these cond i t ions  t h a t  
the f luxes  are l i n e a r  i n  the  gradients  so t h a t  the  usual d e f i n i t i o n s  of t he  
t ranspor t  coe f f i c i en ts  apply. I n  t h i s  event t he  d i s t r i b u t i o n  f u n c t i o n  i s  
near ly  Maxwellian, and the  Boltzmann equation can be solved by a p e r t u r b a t i o n  
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method due t o  Chapman and Enskog. The so lu t i ons  a re  then used t o  o b t a i n  
expressions f o r  the f luxes and the transport  c o e f f i c i e n t s .  The method i s  
set  f o r t h  i n  great deta i  i i n  the t r e a t i s e s  o f  Chapman and Cowi  i ng  (i; and 
Hi rschfe lder ,  Cur t iss ,  and B i r d  (2). 
The theory o f  Chapman and Enskog has the  fo l l ow ing  r e s t r i c t i o n s :  o n l y  
b inary c o l l i s i o n s  a r e  considered, so t h a t  the r e s u l t s  do not apply a t  
dens i t i es  where three-body c o l l i s l o n s  become important; a l l  c o l l i s i o n s  a r e  
e l a s t i c ;  and p a i r s  o f  molecules i n t e r a c t  according t o  a s i n g l e  c e n t r a l  f o r c e  
law so t h a t  the fo rce  depends only  on the  distance o f  separat ion between 
the molecules. Thus the Chapman-Enskog theory appl ies s t r i c t l y  o n l y  a t  
moderate pressures and on ly  t o  the noble gases. 
The Chapman-Enskog theory y ie lds  the f o l l o w i n g  expressions f o r  the 
t ranspor t  p roper t i es  o f  d i  l u t e  monatomic gases ( 3 ) :  
V i  scos i t y  
Thermal conduc t i v i t y  
S e l f - d i f f u s i o n  c o e f f i c i e n t  
D = -( 3 u,w)(+) 
% WC.sL 
(3 )  
These formulas invo lve q u a n t i t i e s  such as the  atomic mass m, t he  Boltzmann 
constant k, the  temperature T, the heat capaci ty  Cv(=* k) ,  and the densi ty  
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p ,- Note tha t  the v i s c o s i t y  and thermal conduc t i v i t y  a re  independent of 
densi ty ,  o r  pressure, whereas the s e l f - d i f f u s f o n  c o e f f i c i e n t  is i nverse ly  
propor t ional  t o  the density. 
Equations ( 1 ) - ( 3 )  a l s o  invo lve  cross sections, o r  more proper ly ,  
c o l l i s i o n  in tegra ls  cfi ( 2 * 2 )  and 8d'") , and t o  compute these the  
in termolecular  fo rce  law must be known. 
For a spher i ca l l y  symmetric p o t e n t i a l ,  which may be w r i t t e n  i n  a 
dimensionless form as I 
the c o l l i s i o n  i n teg ra l s  a re  obtained by a t r i p l e  i n teg ra t i on .  
i s  an energy a n d b i s  a d is tance c h a r a c t e r i s t i c  o f  the  po ten t i a l . )  
i t  i s  necessary t o  compute the angle o f  de f l ec t i on :  
(Here 
F i r s t  
roo 3( (3* &)= n'- xL* dr"/+ (5) 
> ,J * 41- (b'"/ e ($*f3*') 
rwl 
where b " =  b & i s  the reduced impact parameter. (The impact parameter b i s  
the  distance o f  c loses t  approach i n  the  absence o f  t he  p o t e n t i a l 0  .) 
Fur ther ,  rm = rm&, where rm i s  the  d is tance of c loses t  approach i n  the  
presence o f  the  p o t e n t i a l ,  and g 
k i n e t i c  energy (g i s  the i n i t i a l  r e l a t i v e  speed o f  the  c o l l i d i n g  mo1ecules). 
Once the angle of  d e f l e c t i o n  has been obta ined as a f u n c t i o n  of g 
J. 
I 
2 ak 2 = i!i mg /e  i s  the reduced r e l a t i v e  
9s. 
and 
b'''9 a ve loc i  ty-dependent cross sec t i on  i s  computed: 
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0 
F ina l l y ,  the  Q a r e  averaged over a l l  v e l o c i t i e s ,  w i t h  an 
appropr ia te weight ing f a c t o r :  
0 
a r e  a func t i on  o f  reduced tempera- 
2 ( lA* 
Thus the  c o l l i s i o n  i n t e y r a l s r  
t u r e  T*=  kT/E. 
Hence the  problem of a p r i o r i  p red ic t i on  o f  t ranspor t  c o e f f i c i e n t s  
has th ree  layers:  f i r s t ,  a k i n e t i c  theory layer ,  which re la tes  the  
t ranspor t  c o e f f i c i e n t s  t o  the  c o l l i s i o n  cross sections, v i a  equations 
( 1 ) - ( 3 ) ;  second, a cross sect ion layer, which re la tes  the  c o l l i s i o n  i n t e -  
g r a l s  t o  the  in termolecular  forces v ia  equations (5)-(7);  and f i n a l l y  the  
core problem of  determining the  intermolecular forces (equation (4)). 
I n  p r i n c i p l e ,  the  intermolecular forces can be ca lcu la ted  from quantum 
mechanics, given on ly  fundamental constants such as the e l e c t r o n i c  charge 
and mass and Planck's constant, i n  p r a c t i c e  i t  i s  not ye t  poss ib le  t o  
c a r r y  o u t  such ca l cu la t i ons  w i t h  s u f f i c i e n t  accuracy except fo r  simple 
systems, such as two hydrogen atoms o r  perhaps two hel ium atoms (4). For 
more complicated systems severe approximations have t o  be introduced so 
t h a t  t h e  r e s u l t s  a re  not l i k e l y  t o  be q u a n t i t a t i v e l y  accurate. It i s  t o  be 
hoped, however, t h a t  the ca lcu la t ions  a r e  q u a l i t a t i v e l y  co r rec t  and thus 
i n  the  a n a l y t i c  p o t e n t i a l .  Experimental 
t i e s ,  second v i r i a l  c o e f f i c i e n t s ,  and mo 
used i n  t h i s  fashion (5) .  The c o l l i s i o n  
f o r  a number of a n a l y t i c  po ten t i a l s ;  ava 
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i n d i c a t e  the general form of the  intermolecular po ten t i a l .  
Since t h e  intermolecular force law i s  not known a p r i o r i ,  the  usual 
procedure i s  t o  l e t  theory i nd i ca te  the  probable form o f  t he  fo rce  law, 
assume some a n a l y t i c  form fo r  the  p o t e n t i a l  which has the  co r rec t  t h e o r e t i -  
ca l  behavior, and use experimental data t o  evaluate the  adjustable parameters 
informat ion from t ranspor t  proper- 
ecular beam s c a t t e r i n g  can be 
i n teg ra l s  have now been ca l cu la ted  
l a b l e  tabu la t i ons  o f  c o l l i s i o n  
i n t e g r a l s  have been summarized recen t l y  by Mason (6) .  
Despite the f a c t  t h a t  the theory fo r  d i l u t e  monatomic gases seems 
we l l  establ ished there  have been experimental anomalies which have o n l y  
recen t l y  been resolved, This i s  i l l u s t r a t e d  i n  f i g u r e  1 ,  where v i s c o s i t y  
data f o r  argon a r e  present. (The quo t ien t  of v i s c o s i t y  and temperature i s  
p l o t t e d  since t h i s  func t i on  i s  less  temperature dependent than t h e  v i s -  
c o s i t y  i t s e l f  so tha t  discrepancies a r e  more c l e a r l y  revealed.) The open 
symbols are experimental data from the o l d e r  l i t e r a t u r e  due t o  T r a u t t  and 
Binkele (7) ( t r i a n g l e s ) ,  Trautz and Z ink (8) (squares), and Vasi lesco (9) 
( c i r c l e s ) .  
Amdur and Ross (10) from a p o t e n t i a l  energy f u n c t i o n  deduced from h igh  
energy atomic beam s c a t t e r i n g  experiments ( 1  1 ) .  Very recent experimental 
These data a r e  not  i n  accord w i t h  v i s c o s i t i e s  ca l cu la ted  by 
s ,  i n d i c a t e  t h a t  t h e  o l d e r  v i s c o s i t i e s  a r e  con- 
gher temperatures, These new r e s u l t s  inc lude 
and Kes t in  (12) i n  t he  range 25-300°C and 
data, shown as f i l l e d  symbo 
s ide rab ly  i n  e r r o r  a t  the  h 
t h e  precise data of  DiPippo 
unpublished Los Alamos data due 
the  range 1100-2100°K. The sol 
Buekingham (exp-6) po ten t i a l  t o  
t o  Guevara, Mclnteer, and Wageman (13) 
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i n  
d l i n e  i n  f i g u r e  1 i s  a f i t  o f  a modif ed 
the  data  o f  references (12) and (13) due t o  
Yanley and Chi Ids (14) ; t h i s  f i t  reproduces the  experimental data o f  
DiPippo and Kes t in  (12) w i t h i n  0.4% and Guevara, Mclnteer, and Wageman (13) 
w i t h i n  1%. 
hanley and Chi lds (14) a l s o  po in t  ou t  t h a t  heat conduc t i v i t i es  ca lcu-  
l a t e d  from t h i s  same f i t  a re  i n  reasonable agreement w i t h  experiment, 
whereas values ca lcu la ted  from a f i t  t o  the  o lde r  v i s c o s i t y  data (7), is),  
(g), appear systemmatical ly low a t  the h igher  temperatures. To make the  
same p o i n t  i n  a s l i g h t l y  d i f f e r e n t  fashion, equations ( I )  and (2) can be 
combined t o  g ive  a r e l a t i o n  between heat conduc t i v i t y  and v i s c o s i t y  f o r  
mona tom i c gases" : 
J.. 
Thus equat ion (8) permits us to  ca l cu la te  heat conduc t i v i t i es  Prom v i s -  
c o s i t i e s ,  It i s  found t h a t  heat conduc t i v i t i es  ca lcu la ted  from the  newer 
v i s c o s i t y  data o f  references (12) and (13) a re  i n  good agreement w i t h  
4 1 
6. 
Equations ( 1 )  and (2) a re  the  lowest Chapman-Enskog approximations; i f  
h igher  apprcximations are  included the  numerical f ac to rs  i n  equation (8) 
a r e  increased s l i g h t l y .  Bn the ease o f  argon, w i t h  the  exp-6 p o t e n t i a l  
o f  Hanley and Ckriids, t h i s  increase amounts t o  O,S6% a t  room temperature 
and Increases t o  0.4% a t  20OO0K. (Calculated from Table V I S  C, pp. 1173 
and 1174 o f  Ref, 2.) 
I 
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experimental conduc t i v i t i es  whereas values ca lcu la ted  from the  o lde r  
1 i t e r a t u r e  ( re fs .  7-9) are  somewhat low a t  the higher temperatures. 
The r e c o n c i l i a t i o n  o f  these experimental anomalies i n  the  t ranspor t  
p roper t i es  of argon can be o f  he lp i n  se lec t i ng  t ranspor t  p roper t ies  of 
steam. Consider, f o r  example, the  experimental v i s c o s i t i e s  of steam 
measured by Bon i l l a ,  Wang and Weiner (15). This  work covered a wide 
temperature range, approximately 25O-145O0C, but  the  values l i e  from 2,s 
t o  4 percent below the more recent and presumably more r e l i a b l e  measure- 
ments o f  S h i f r i n  (16) and Kes t in  and Richardson ( l 7 ) *  Consequently the  
data o f  Bon i l la ,  Wang and Weiner were not used i n  s e t t i n g  up the skeleton 
tab les f o r  v i s c o s i t y  estab l ished by the  S i x t h  In te rna t iona l  Conference on 
the Proper t ies o f  Steam (18). 
The data o f  Boni l a  e t .  a l .  a re  not absolute; ra ther  the apparatus 
was ca l i b ra ted  w i t h  n trogen assuming the  n i t rogen  v i s c o s i t i e s  o f  Vasl lesco 
(9). For tunate ly  Bon I l a  and coworkers (1s) a l s o  measured the  v i s c o s i t y  
o f  argon i n  the same temperature range; so we can use t h e i r  argon data t o  
co r rec t  t h e i r  steam data on the  bas is  o f  the  (exp-6) p o t e n t i a l  f i t  t o  
recent argon v i s c o s i t i e s  (12), (13) .  Thus 
The corrected v i s c o s i t i e s  shown i n  f i g u r e  2 a r e  i n  good agreement w i t h  t he  
r e s u l t s  o f  S h i f r i n  (16), L a t t o  (19) and t h e  skeleton tab les  t o  7 0 O o C .  
higher  temperatures the corrected v i s c o s i t i e s  l i e  above the  data o f  S h i f r i n  
A t  
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and Lat to ;  t he  discrepancy amounts t o  3.4% a t  l lOO°C.  Thus the corrected 
v i s c o s i t i e s  of Bon i l l a  et .  a l .  are now i n  subs tan t ia l  agreement w i t h  the  
more recent l i t e r a t u r e .  
Because we have a r igorous theory fo r  monatomic gases we can compute 
heat Conduct iv i t ies  from experimental v i s c o s i t i e s  (equation (8)) ;  and 
because i t  i s  usua l l y  eas ier  to  measure v i s c o s i t y  w i t h  good p rec i s ion  and 
accuracy such computed heat conduc t i v i t i es  f o r  argon a re  probably b e t t e r  
than experimental values. These computed conduc t i v i t i es  can help i n  
se lec t i ng  heat conduc t i v i t i es  f o r  steam. For example, Geier and Shsfer 
(20) have measured heat conduct iv i t ies  o f  steam, ni t rogen, and a number of  
o ther  gases i n  the  range 100-1000°C. 
atures l i e  almost t e n  percent below the smoothed resu l t s  o f  Va rga f t i k  and 
Zimina (21 ) ,  which a re  the  basis o f  low pressure skeleton tab les f o r  the  
thermal conduc t i v i t y  o f  steam (18). Unfor tunate ly  Geier and Sc6i fer  d i d  
not measure heat conduc t i v i t i es  for  argon, so i t  i s  not  poss ib le  t o  co r rec t  
t h e i r  conduc t i v i t i es  d i r e c t l y .  However, Va rga f t i k  and Zimina (22) have 
measured heat conduc t i v i t i es  of argon i n  the  range O-POOO°C and t h e i r  
r e s u l t s  a re  i n  good agreement w i t h  p red ic t ions  from the  (exp-6) p o t e n t i a l  
f i t  t o  the recent v i s c o s i t y  data (14). Va rga f t i k  and Z mina (23) have a l s o  
measured heat Conduct iv i t ies  of ni t rogen, so i t  i s  poss b l e  t o  co r rec t  t he  
Geier and Sche'fer data i n d i r e c t l y  as fo l lows:  
The i r  steam data a t  the  higher temper- 
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I n  t h i s  equation subscr ip ts  G S  r e f e r  t o  the Geier and Sch:fer data (20) 
wh i l e  subscr ip ts  VZ re fe r  t o  the Vargaf t i k  and Zimina r e s u l t s  (22) and 
(23)  a 
Heat c o n d u c t i v i t i e s  cor rec ted  by means of equation (10) a r e  shown as 
h a l f - f i l l e d  c i r c l e s  I n  f i g u r e  3 .  
( u n f i l l e d  c i r c l e s ) ,  and the  h igh  temperature values o f  Vargaf t i k  and 
Zimina (21) (squares). A t  h igh temperatures t h i s  c o r r e c t i o n  halves the  
discrepancy between the  GeSer and Sche'fer (20) and Varga f t i k  and Zimina 
(21 )  resu l ts ,  
Also shown a re  the uncorrected values 
Varga f t i k  and Zimina (21) po in t  out  t ha t  Geier and Sch'a'fer (20) 
d i d  not apply a temperature jump c o r r e c t i o n  t o  t h e i r  steam data. To 
c a l c u l a t e  t h i s  co r rec t i on  one needs t o  know the geometry and dimensions of 
t he  apparatus, the  gas pressure, and the  accommodation c o e f f i c i e n t s  of the  
surfaces. 
The co r rec t i on  takes the form 
An  elementary theory o f  t h i s  phenomenon i s  given by Kennard (24). 
%cor rec ted  = 2 measured ( 1  + P ) -  ( 1  1 )  
For a concentr ic cy1 inder geometry, 
where a 
a re  the 
s t he  accommodation c o e f f i c i e n t  o f  t he  inner  c y l i n d e r ,  $ 1  and r2 
a d i i  o f  the inner and ou ter  cy l i nde rs ,  Cp i s  the  molar heat capac i t y  
a t  constant pressure, R i s  the  molar gas constant, P i s  the  pressure, and 
M i s  the  molecular weight. We can c a l c u l a t e  lower l i m i t  values o f f  f o p  
Geier and Sch'a'fes's data by assuming a = 1 and pw20 mm Hg, the vapor 
1 1  
pressure o f  water a t  room temperatur2'. 
Heat conduc t i v i t i es  o f  steam corrected f o r  temperature jump using 
equations ( 1 1 )  and (12) a r e  shown as  f i l l e d  c i r c l e s  i n  f i g u r e  3 .  The 
corrected data l i e  somewhat above the skeleton tab les and the r e s u l t s  o f  
Va rga f t i k  and Zamina (21) ( the average dev ia t ion  Is +2.6%j0 
Thus we see t h a t  the  f a c t  t h a t  we have a r i go rous  theory f o r  the  
t ranspor t  p roper t ies  o f  monatomic gases can be h e l p f u l  i n  se lec t ing  and 
evaluat ing data on polyatomic gases inc lud ing  steam. Exper imental ists 
should be urged t o  inc lude measurements on the  noble gases, espec ia l l y  
hel ium and argon. i n  t h i s  way t h e i r  data can be reevaluated i n  the  fu tu re  
when the  intermolecular p o t e n t i a l s  fo r  the noble gases a re  known w i t h  
g rea ter  accuracy. It seems most l i k e l y  t h a t  we w i l l  f i r s t  get  such i n f o r -  
mation f o r  the noble gases, both from experiment and more soph is t i ca ted  
quantum mechanical ca lcu la t ions .  It w i l l  be a long t ime before de ta i l ed  
in format ion Ts ava i l ab le  on polyatomlc gases ( w i t h  the  poss ib le  exception 
o f  H2) 0 
Polyatomic Gases 
When we come t o  consider polyatomlc gases we r e c a l l  t h a t  the  Chapman- 
Enskog theory assumes molecules in te rac t  according t o  a cent ra l  f o rce  law 
and t h a t  a l l  c o l l i s i o n s  a re  e l a s t i c .  I f  we wish t o  extend or approximate 
J. 
'' Geler and Schsfer (20) g i ve  t h e i r  w i r e  diameter as 0.1 m n  = 2 r ,  but do not 
The exact va lue i s  not c r u c i a l ,  
repo r t  the  diameter of the outer  cy l inder .  A l a t e r  paper descr ib ing a 
s i m i l a r  apparatus gives 2r2 = 16 mm (25). 
s ince  1-2 appears on l y  logar i thmica l l y  i n  equat ion (12). 
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the theory for  polyatomic gases we must consider the e f f e c t s  o f  o r i e n t a t i o n -  
dependent forces and i n e l a s t i c  c o l l i s i o n s .  
Orientation-dependent forces introduce two complications. F i r s t ,  they 
prov ide a mechanism f o r  interchange o f  r o t a t i o n a l  and t rans la t i ona l  energy; 
i n  o the r  words they in t roduce i n e l a s t i c  c o l l i s i o n s .  Secondly, the o r ien ta -  
tiov-dependent forces compl i c a t e  the  molecular co l1  ision t r a j e c t o r i e s  so 
tha t  the numerical in tegra t ions  necessary fo r  ob ta in ing  the  c o l l i s i o n  
i n t e g r a l s  are almost impossibly d i f f i c u l t .  
Msnc'-,ick 3nd Mason (26), i n  a paper dea l ing  w i t h  t ranspor t  p roper t i es  
o f  p o l a r  gases, circumvented these two complications by in t roduc ing  two 
assumptions which they j u s t i f i e d  on phys ica l  grounds. 
F i r s t  they assumed t h a t  t he  i n e l a s t i c  c o l l i s i o n s ,  even though they 
occur f requent ly ,  have l i t t l e  e f f e c t  on the  t r a j e c t o r i e s .  They argue 
t h a t  most i n e l a s t i c  c o l l i s i o n s  invo lve  the  t r a n s f e r  o f  on l y  a few quanta 
o f  ro ta t i ona l  energy; f o r  most molecules t h i s  i s  small compared t o  the  
t rans la t i ona l  energy which i s  o f  the  order  o f  kT. Hence they assume t h a t  
i n e l a s t i c  c o l l i s i o n s ,  on the average, have l i t t l e  e f f e c t  on the  t r a j e c t o r i e s ,  
Thei r  second assumption concerns the  e f f e c t  o f  orientat ion-dependent 
forces on the angle o f  d e f l e c t i o n $  (equation ( 5 ) ) *  They argue t h a t  
a1 though the orientat ion-dependent forces a c t  a long the  whole t r a j e c t o r y ,  
the angle o f  d e f l e c t i o n  i s  determined p r i m a r i l y  by the  i n t e r a c t i o n  i n  the  
v i c i n i t y  o f  the  d is tance o f  c loses t  approach. 
d is tance of c loses t  approach the  r e l a t i v e  o r i e n t a t i o n  does no t  change much, 
Over a small range near the  
so t h a t  i n  each c o l l i s i o n  i s  determined l a r g e l y  by on ly  one r e l a t i v e  
fcrcss f r ~ m  d l f f i w l t  c o l l i s i o n  dynamics t o  eas ier  k 
k i n e t i c  theory problem corresponds t o  a gas i n  which 
one in termolecular  f o rce  law, but any one o f  a very 
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o r  i entat  ion. 
These two assumptions change the problem o f  orientat ion-dependent 
The 
ow not  
f o rce  
ved (27'); 
a 
ntegra 1 s 
n e t i c  theory. 
c o l l i s i o n s  f o l  
arge number o f  
laws, one f o r  each r e l a t i v e  o r ien ta t ion .  This problem has been so 
the  expressions f o r  t he  t ranspor t  c o e f f i c i e n t s  a r e  the  same as f o r  
s i n g l e  i n te rac t i on  p o t e n t i a l ,  but the cross sect ions o r  c o l l i s i o n  
a r e  averages over a1 1 poss ib le  force laws. 
The most r e a l i s t i c  intermolecular p o t e n t i a l  which has been considered 
for the  t ranspor t  p roper t ies  of po lar  gases i s  the  Stockmayer p o t e n t i a l  
where 
and 
H e r e p i s  the  d i p o l e  momentsea andeb  a re  the  angles o f  i n c l i n a t i o n  o f  
t he  d i p o l e  axes to  the  l i n e  j o i n i n g  the  centers o f  the  molecules, and 
i s  t h e  azimuthal angle between them. When there i s  no d ipo le  moment 
I4 
equation (13)  reduces t o  the f a m i l i a r  Lennard-Jones (12-6) po ten t i a l  \nJith 
an a t t r a c t i v e  we l l  dep th€  and a zero energy c o l l i s i o n  diarneterd-, which i 5  
a measure o f  the s i z e  of the  molecule. 
Equation (13) has: an inverse t w e l f t h  power repu ls ive  fo rce  t o  
crudely  approximate the s t rong repu ls ive  forces between molecules a t  small 
separations; an inverse s i x t h  power a t t r a c t i v e  term, a reasonable repre- 
senta t ion  of the  long range a t t r a c t i v e  forces f o r  nonpolar gases; and an 
angle-dependent inverse cube power term, which represents the i n t e r a c t i o n  
between po in t  d ipo les located a t  the centers o f  the  molecules. 
Monchick and Mason (26) have approximated c o l l  i s i o n  i n teg ra l s  subject  
t o  the  assumptions mentioned above; they approximate g (equation (14)) 
throughout a c o l l i s i o n  by a constant go, presumably the  value o f  g a t  t he  
d is tance of c loses t  approach. This i s  equiva lent  t o  rep lac ing  equation 
(13) w i t h  a mu l t i t ude  o f  s p h e r i c a l l y  symmetrical p o t e n t i a l s  corresponding 
t o  a l l  values o f  go between - 1  and +l. The c o l l i s i o n  i n t e g r a l s  were then 
evaluated and averaged over a l l  r e l a t i v e  o r ien ta t i ons .  
T h i s ,  then, i s  the most soph is t i ca ted  theo re t i ca l  model a v a i l a b l e  f o r  
the  proper t ies  o f  steam. 
(1.85 Debye (28)) ,  there a re  two disposable parameters ava i l ab le ,  b a n d  6 , 
f o r  f i t t i n g  v i s c o s i t y  data on steam. 
Since the  d i p o l e  moment o f  steam i s  w e l l  es tab l i shed 
Results o f  an attempt t o  f i t  the approximate Stockmayer p o t e n t i a l  
c o l l i s i o n  i n teg ra l s  (26) t o  experimental v i s c o s i t y  data on steam a r e  shown 
i n  f i g u r e  4, where the  v iscos i ty- temperature quo t ien t  Is p l o t t e d  as a 
func t ion  of temperature. The s o l i d  curve has been ca l cu la ted  f o r  
I .  
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(T= 2.4934 A ,  E / k  = 8OOoK, and 6 =  1.0; t h i s  i s  cons is tent  w i t h  
the experimental d i p o l e  moment o f  1.85 Debye (one Debye = esu cm). 
The f i t  i s  ra ther  poor; i t  i s  near ly  5% above the  skeleton t a b l e  a t  100°C 
and 6% below a t  700°C. Qual i t a t i v e l y ,  t he  experimental v i s c o s i t i e s  i n -  
crease more r a p i d l y  w i t h  temperature up t o  about 700%; a t  h igher tempera- 
tures the  reverse i s  t r u e  and the  experimental v i s c o s i t i e s  increase less 
r a p i d l y  than theory based on the  approximate Stockmayes c o l l i s i o n  in tegra ls .  
Somewhat b e t t e r  agreement can be obtained by t r e a t i n g  6 as another 
disposable parameter; such a f i t  i s  shown as t he  dashed curve i n  f i g u r e  4, 
value f o r  which the  collision in teg ra l s  have been ca lcu la ted  (26)). This 
corresponds t o  an e f f e c t l v e  d ipo le  moment o f  2,028 Debye, near ly  ten 
percent i n  excess o f  experiment. Although the  f i t  t o  experiment i s  im-  
proved i t  i s  s t i l l  not  good ( i n  contrast ,  f o r  example, t o  the  exce l len t  
f i t  o f  the exponent ia l -6 p o t e n t i a l  t o  t he  argon data, shown i n  f i g u r e  1). 
Further,  there i s  no theo re t i ca l  j u s t i f i c a t i o n  f o r  a l lowing&, ‘(or t he  
d i p o l e  moment) t o  be a disposable parameter. 
We conclude t h a t  the  approximate Stockmayer c o l l i s i o n  i n teg ra l s  
cannot be f i t  t o  the  v i s c o s i t y  data o f  steam, Thus they a r e  near ly  
useless i nso fa r  as p r e d l c t l o n  of proper t les under o the r  condi t ions Is 
cbncerned; they cannot be used foe in te rpo la t ion ,  let alone extrapolat ion.  
It i s  not easy t o  p inpo in t  t h e  reasons f o r  t h i s  f a i l u r e .  F i r s t  o f  a l l ,  
t h e  Stockmayer p o t e n t i a l  i s  perhaps a rather poor approximation t o  the 
f o r c e  law between wetsr mlecu lcs ; the charge d l s t r f  but ton w l  t h i n  the 
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molecule i s  probably not adequately represented by a po in t  d ipole.  The 
next log ica l  step would be t o  add a dipole-quadrupole term t o  the  force 
law, as Rowlinson (30) has done t o  ob ta in  improved agreement between theory 
and experiment f o r  the  second v i r i a l  coe f f i c ien ts  of steam. 
i n teg ra l s  could then be approximated i n  the  same way t h a t  the  cross 
sect ions f o r  the  Stockmayer po ten t i a l  have been approximated (26), 
The c o l l i s i o n  
On the  other  hand we do not know what e r ro rs  may be introduced by 
Monchick and Mason's assumptions t h a t  i n e l a s t i c  c o l l i s i o n s  have l i t t l e  
e f f e c t  on t r a j e c t o r i e s  and t h a t  the angle o f  de f l ec t i on  i n  a c o l l i s i o n  i s  
determined by the r e l a t i v e  o r i e n t a t i o n  a t  the  d is tance o f  c loses t  approach. 
Perhaps these assumptions could be tested by some jud i c ious  computer 
s tud ies  o f  c o l l i s i o n  dynamics. 
Let us t u r n  now t o  the  quest ion o f  i n e l a s t i c  c o l l i s i o n s .  We may be 
ab le  t o  neglect i n e l a s t i c  c o l l i s i o n s  i n  consider ing v iscos t y  and d i f f us ion  
coef f i c ien ts ,  which depend on molecular momentum and mass; but we must 
expect larger  e r ro rs  i f  we neglect  such c o l l i s i o n s  i n  cons der ing  the  
heat conduct iv i t y  o f  polyatomic gases, s ince t h i s  p roper ty  depends on the  
t ranspor t  o f  both t rans la t i ona l  and i n t e r n a l  energy. 
gas i n  
r a t i o  
Accord 
It i s  convenient t o  discuss the thermal conduc t i v i t y  o f  a polyatomic 
terms o f  i t s  re la t i onsh ip  t o  the  v i s c o s i t y  through the dimensionless 
f A M / i C ,  
ng t o  u l t ras imp i f i e d  k i n e t i c  theory, f = 1 ;  however, t he  r igorous  
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Chapman-Enskog theory f o r  monatomic gases p red ic t s  t h a t  f should be very 
near ly  5/2 (see equation (8)). This I s  due t o  the f a c t  t h a t  t r a n s l a t i o n a l  
c ~ e r g y  i s  a funct ion of molecular ve loc i t y ;  the  m ? e c u l e s  possessing the  
most energy a re  the most rapid,  have the longest mean f r e e  paths, and 
hence mhke an enhanced c o n t r i b u t i o n  to  the  heat t ranspor t .  
For polyatomic gases, f i s  less than 5/2 and tends t o  be small when 
t h e  molar heat capaci ty  i s  l a rge  and o r ig ina tes  mostly from the  i n t e r n a l  
energy modes. Consequently Eucken (31) suggested t h a t  the  t ranspor t  of 
t r a n s l a t i o n  and i n t e r n a l  energy be Considered separately,  and proposed 
f C v  = t ransCv, t rans + f i n t C i n t  
and C i n t  a re  t h e  t rans la t i ona l  and I n t e r n a l  con t r i bu t i ons  t o  
('v, t rans  
the  t o t a l  heat capaci ty  Cv.) Eucken assumed ftrans = 5/2, by analogy 
w i t h  the  monatomic gases. However, because there  Is expected t o  be l i t t l e  
c o r r e l a t i o n  between molecular v e l o c i t y  and i n t e r n a l  eneugy, Eucken assumed 
f i n t  = 1, the  r e s u l t  o f  the  u l t ra -s imp le  theory. 
Ubbelohde (32) po in ted  ou t  t ha t  molecules w'i t h  ex61 ted In te rna l  
energy s ta tes  may be regarded as d i f f e r e n t  chemical species and t h a t  t he  
f low o f  i n t e r n a l  energy can be considered as energy t ranspor t  due t o  
d i f f u s i o n  of the  exc i ted  states.  This concept Beads t o  the  r e s u l t  
i n t  = pDint/T, so t h a t  
which i s  known as the  m d i f i - e d  Eucken app iox imt ion .  Mere D i n t  9s a 
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d i f f u s i o n  c o e f f i c i e n t  f o r  i n t e r n a l  energy; i f  Dint i s  taken t o  be the 
s e l f - d i f f u s i o n  c o e f f i c i e n t  then fintw 1.3. To j u s t i f y  t h i s  modif ied 
Eucken approximation (equat ion(I8))  i t  i s  t a c i t l y  assumed t h a t  i n e l a s t i c  
c o l l i s i o n s  a r e  rare. This i s  necessary i n  order t h a t  the t r a n s l a t i o n a l  
v e l o c i t y  d i s t r i b u t i o n  func t i on  should not be unduly perturbed, so t h a t  the 
t r a n s l a t i o n a l  conduc t i v i t y  can be re la ted  t o  the v i s c o s i t y  as i n  the case 
o f  the noble gases. On the other  hand, there must be enough i n e l a s t i c  
c o l l i s i o n s  t o  maintain the  i n t e r n a l  energy s tates i n  e q u i l i b r i u m  w i t h  
the loca l  temperature. 
I n  order t o  account f o r  i n e l a s t i c  c o l l i s i o n s  n a r igorous fashion 
i t  i s  necessary t o  reformulate the Boltzmann equat on, and then c a r r y  
out the so lu t i on  by an extension o f  the Chapman-Enskog method which al lows 
f o r  i n e l a s t i c  processes. 
Theories o f  t h i s  s o r t  were f i r s t  developed by Wang Chang, Uhlenbeck, 
and deBoer ( 3 3 ) ,  (34), and by Taxman (35). Although these fo rma l l y  so lve 
the k i n e t i c  theory probl,sm, they cannot be used t o  p r e d i c t  t ranspor t  
c o e f f i c i e n t s  because the task o f  c a l c u l a t i n g  the  cross sect ions o r  
c o l l i s i o n  i n teg ra l s  i n v o l v i n g  i n e l a s t i c  c o l l i s i o n  appears hopelessly 
d i f f i c u l t .  
However Mason and Monchick (36) have succeeded i n  developing e x p l i c i t  
expressions r e l a t i n g  the heat conduc t i v i t y  o f  a polyatomic gas t o  o the r  
gas proper t ies,  s t a r t i n g  w i t h  the purely formal theor ies o f  re fs .  (33) ,  
(34). 
they derived the  modif ied Eucken expression (equat ion (18)) as a f i r s t  
By Systematical ly i nc lud ing  terms i n v o l v i n g  i n e l a s t i c  c o l l  i s i ons ,  
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approximation and, as a second approximation, an expression dependent on 
the relaxation times for  the various internal degrees of freedom. Their 
rec1rlt may be written 
fMt4Cv 
Here Zk i s  the number of collli~ion~ for relaxation of  the kth internal 
mode while ck i s  the heat capacity associated with that mode, The 
collision number is related to the relaxation timerk: 
Z/k -- 4 px 
Ycoll 1yT, 
zk = - 
where KO] 1 = (W4) ( r /P)  i s  the mean time between coll isions, 






on while the third term i s  important only fo r  modes involving 
sion numbers. In small, rlgld polyatomic molecules these are 
with rotational relaxation. For example, in the case of 
rotation Zrop 4 whereas for vi bration Zvibm70-80 (37) , 
large flexible molecules vibrational relaxation times may 
also be small.) 
In Mason and Monchick's expression (equation (19)) the difficult 
integrals o f  the formal theory are disguised i n  the Zk and in Dint, the 
diffusion coefficient for internal energy. The theoretical expression for 
Z i s  complicated, as might be expected, and has only been evaluated for  
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very s i m p l i f i e d  and unreal i s t i c  models such as spherocyl inders and rough 
and oaded spheres (391, (40). For tunate ly  the c o l  1 i s i o n  nwmbers can be 
obta ned experimental ly from acoust ica l  studies o r  shock tube measurements. 
The s i t u a t i o n  w i t h  respect t o  the  d i f f us ion  coe f f i c i en t  for  i n t e r n a l  
energy i s  less for tunate.  Again i t  can be ca lcu la ted  on ly  f o r  s i m p l i f i e d  
and u n r e a l i s t i c  molecular models, but  i n  t h i s  case there  does not seem t o  
be any experimental method independent o f  the heat conduc t i v i t y  i t s e l f .  
For lack of a b e t t e r  procedure, Dint i s  commonly assumed equal t o  the  s e l f  
d i f f u s i o n  coe f f i c i en t  f o r  nonpolar gases, 
However, the  thermal conduc t i v i t i es  o f  h igh l y  po la r  gases, inc lud ing  
hydrogen f luor ide,  steam, and a m n i a  appear t o  be anonmalously low i n  
r e l a t i o n  t o  t h e i r  v i scos i t i es .  
e f fect  i s  la rge ly  due t o  a resonant exchange o f  ro ta t ioned energy, pre- 
sumed probably on grazing s e l f - c o l l i s i o n s  of po la r  molecules. Hence, a 
grazing c o l l i s i o n  w i t h  exchange i s  equivalent t o  a head-on c o l l i s i o n  w i th -  
out  exchange, inso far  as the t ranspor t  of the  ro ta t i ona l  quantum i s  con- 
Mason and Monchick (36) suggest tha t  t h i s  
cerned. Thus the d i f f u s i o n  c o e f f i c i e n t  f o r  i n t e r n a l  energyp Dints is 
smal ler  than the  s e l f - d i f f u s i o n  c o e f f i c i e n t ,  D, and i s  g iven by the  
expression 
D i n t  = D / ( 1  + A )  (2 
where& i s  a co r rec t i on  term ca lcu la ted  from the  theory o f  resonant 
c o l l  is ions.  Mason and Monchick (36) g ive  expressions f o r  h f o r  1 inear 
d ipo les and a l s o  f o r  several types o f  symmetric tops. 
This theory has had success i n  r a t i o n a l i z i n g  experimental data on a 
number of nonpolar gases (361, (41) ; i n  the  case o f  po la r  gases i t  seems 
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t o  do a good j o b  of descr ib ing the changes due to i s o t o p i c  s u b s t i t u t i o n  o f  
deuterium f o r  hydrogen (42)-(44)". Consequently S t may be worthwhi l e  t o  
see i f  the  theory can successfu l ly  p red ic t  heat c o n d u c t i v i t i e s  o f  steam 
from experimental v8scosi t ies.  
can neglect  i t  and consider o n l y  r o t a t i o n a l  re laxat ion.  Equation (19) i s  
Inasmuch as ZVib i s  70-80 f o r  steam we 
then r e w r i t t e n  t o  c a l c u l a t e  conduct iv i ty ,  
The dimensionless g roup ,aD in t /T  can be ca l cu la ted  from an equation ob- 
ta ined  by combining equations (l), ( 3 ) ,  and (21) 
The r a t i o  o f  c o l l i s i o n  integralsLfZ 'is a s lowly  varying 
f u n c t i o n  of temperature whose exact value depends on the  intermolecular 
force law. However, f o r  most r e a l i s t i c  p o t e n t i a l s  t h i s  r a t i o  is c lose t o  
1.1, so we can use values based on the Stockmayer p o t e n t i a l  w i t h  some 
References (36) and (41)-(44) a c t u a l l y  used an approximation t o  
equation (19) obtained by t a k i n g  the denominator o f  t he  t h i r d  term 




and 1.108 a t  1000°C.) 
(For t h i s  p o t e n t i a l  the  r a t i o  var ies  between 1.074 a t  100°C 
As was a l ready mentioned, Mason and Monchick (36) developed expressions 
f o r  the  resonant c o r r e c t i o n s , a ,  f o r  1 inear d ipo les and symmetric tops. 
They suggest t h a t  s l i g h t l y  asymmetric tops can be t rea ted  i n  the fo l l ow ing  
manner. I f  I A  i s  the moment o f  i n e r t i a  about the  d ipo le  a x i s  ( i n  the  case 
of  water, the f i g u r e  a x i s  o f  the molecule) and Ig, IC 
moments, one uses the symmetric top formulas rep lac ing  I g  by ( l s l c ) z .  
po in t  of fac t ,  the water molecule i s  a h igh l y  asymmetric top ( I g  and IC 
a r e  the  o ther  two 
1 
In  
d i f f e r  by a f a c t o r  o f  three). I n  the absence o f  any b e t t e r  procedure we 
w i l l  assume t h a t  water can be t rea ted  as a s l i g h t l y  asymmetric top and 
f i n d  t h a t  i t  must then be classed as a near-spherical top. For such 
m o l  ecu 1 es . 
Here(a4) i s  the mean value o f  a dimensionless q u a n t i t y  invo 
r o t a t i o n a l  quantum numbers, taken t o  be 0.44 and h i s  Planck 
Heat conduc t i v i t i es  f o r  steam ca lcu la ted  from equations 
v i  ng the  
s constant. 
(22)-(24) a r e  
compared w i th  experiment i n  f i g .  5. 
300°, 500°, 700' and 1000°C) a r e  based on skeleton t a b l e  v i s c o s i t i e s  t o  
70OoC (18) arid La t to ' s  value a t  1000°C (19). 
The c a l c u l a t i o n s  ( ca r r i ed  ou t  a t  looo, 
The c o l l i s i o n  number f o r  
r o t a t i o n a l  re laxa t ion  was taken t o  be fou r  (37). (38). 
Although the  agreement between theory and experiment i s  good a t  10o°C, 
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predic ted heat conduc t i v i t i es  a r e  uni formly about 13% too h igh  a t  tempera- 
tures above 30OoC. 
randvctivity i s  correct ,  the d i f f i c u l t y  must l i e  I n  OUT i n a b l l l t y  t o  pro- 
p e r l y  p r e d i c t  Dint ra ther  than ZrOt,  because even i f  i t  i s  assumed tha t  
both ZrOt and Zv ib  a re  zero, the  predic ted conduc t i v i t y  a t  1000°C i s  
s t i  1 1  3-5% too large. 
If Mason and Monchick8s (36) expression f o r  the  heat 
Thus the  theory o f  Mason and Monchick (36) cannot a t  t h i s  t ime be 
used f o r  p r e d i c t i n g  heat conduc t i v i t i es  f o r  steam, nor can the  theory 
he lp us i n  se lec t i ng  among discordant experimental data. This  theory may 
become usefu l  i n  the  f u t u r e  i f  r e l i a b l e  experimental o r  t heo re t i ca l  
methods are  developed f o r  determining the d i f f u s i o n  c o e f f i c i e n t  for 
i n t e r n a l  energy Dint and a l so  ( t o  a lesser extent)  h igh  temperature 




o summarize b r i e f l y  regarding the d i l u t e  gas: 
gases i s  i n  good shape and can be he lp fu l  i n  se lec t i ng  and co r rec t i ng  
mental v i s c o s i t i e s  and heat conduc t i v i t l es  o f  steam; a v a i l a b l e  
es f o r  polyatomic gases do not  c o r r e l a t e  steam data a t  a l l  we l l .  
the  theory f o r  mona- 
Theoret ica l  p r e d i c t i o n  o f  v i s c o s i t y  may become f e a s i b l e  when the intermo- 
l e c u l a r  p o t e n t i a l  f o r  steam is known i n  greater  detaTl and t h e  appropr ia te 
c o l l i s i o n  i n teg ra l s  a re  evaluated numerical ly. Theoret ica l  p r e d i c t i o n  o f  
heat conduc t i v i t y  may be poss ib le  when methods are  developed f o r  ob ta in ing  
r e l a x a t i o n  times and d i f f us ion  c o e f f i c i e n t s  f o r  i n t e r n a l  energy. 
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THE DISSOCIATING GAS 
I f  the temperature i s  ra ised  s u f f i c i e n t l y ,  polyatomic molecules 
d i ssoc ia te  i n t o  s impler  fragments. As an example, the e q u i l i b r i u m  com- 
p o s i t i o n  of  steam a t  atmospheric pressure i s  shown as a func t i on  of 
temperature i n  f i g u r e  6 (45). 
d i ssoc ia te  and the  diatomic molecules H2, OH, and O2 appear. 
cen t ra t ions  o f  these species maximize a t  3400°-35000K where they comprise 
almost f o r t y  percent o f  the  gas mixture;  a t  higher temperatures they too 
d issoc iate,  
A t  about 2100°-23000K water s t a r t s  t o  
The con- 
Hydrogen and oxygen atoms appear i n  the range 2600°-28000K 
f o r  more than n ine ty  percent o f  the  mix tu re  a t  and increase; they account 
4500'K. 
The t ranspor t  p roper t  
terms o f  d i l u t e  gas theory 
a l l ,  we a re  dea l ing  w i t h  a 
es o f  a d i s s o c i a t i n g  gas can be t rea ted  i n  
however two new features appear. F i r s t  of 
m ix tu re  of  gases ra the r  than a s i n g l e  chemical 
species, Secondly, the presence o f  mobile chemical e q u i l i b r i a  can lead t o  
a la rge increase i n  the  thermal conduct iv i t y .  
Theories f o r  the  t ranspor t  p roper t i es  o f  gas mixtures a re  about as 
well-developed as theory f o r  pure gases. 
has been developed f o r  the v i s c o s i t y  (46) and thermal conduc t i v i t y  (47) 
o f  mu1 ticomponent monatomic gas mixtures. 
der ived an expression f o r  the heat c o n d u c t i v i t y  o f  polyatomic gas mix tu res  
Nhich i s  equivalent to  the  modif ied Eucken approximation fo r  pure gases, 
w h i  l e  Monchick, Pere i ra ,  and Mason (SO) have obta ined d n  expression f o r  
polyatomic gas mix tures analogous t o  the Monchick-Mason theory (36) for 
pure gases. 
Thus the  Chapman-Enskog method 
H i  r sch fe lde r  (48). (49) has 
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These expressions f o r  gas mixtures are  a lgeb ra i c l y  much more complex 
than corresponding expressions f o r  pure gases, but i f  a computer i s  a v a i l -  
ab le  t h i s  i s  merely a matter of buokkGep5iig. 1; a d d ! t ! ! x ,  the expressions 
invo lve cross sect ions c h a r a c t e r i s t i c  o f  a l l  pa i rw ise  i n te rac t i ons  i n  the  
gas mixture,  
so a great  deal o f  in format ion about the var ious in termolecular  f o rce  laws 
i s  required. 
I n  a mixture of 9 components there are3($+1) /2  in te rac t ions ,  
Svehla (45) has ca lcu la ted  the  t ranspor t  p roper t ies  o f  steam i n  the  
range 600°-50000K. . The ca l cu la t i ons  are not based on any s i n g l e  i n t e r -  
molecular f o rce  law, but ra the r  a v a r i e t y  o f  p o t e n t i a l s  more o r  less 
appropr ia te  t o  the  var ious in te rac t ions .  Calculated v i s c o s i t i e s  a re  
shown i n  f i g u r e  7; a l so  shown are  the skeleton t a b l e  values and the  highest 
temperature data o f  references (15) (corrected) and (19) Svehla used 
Stockmayer p o t e n t i a l  f o rce  constants f o r  the  H20-H20 i n t e r a c t i o n  which 
were f i t  t o  the  uncorrected data of reference (15) and f o r  t h a t  reason 
h i s  computed v i s c o s i t i e s  l i e  below the experimental values. Note t h a t  
above 3000°K the v l  scosl t y  becomes pressure-dependent because the  gas 
composi t ion changes considerably w i t h  pressure. ( A t  low pressures the 
v i s c o s i t y  of a pure gas i s  independent o f  pressure, see equation (l).) 
Le t  us t u r n  now, t o  the second and more dramatic phenomenon i n  
d i s s o c i a t i n g  gases. 
l a r g e r  than i n  l ' frozen" (nonreacting) mixtures. 
can be c a r r i e d  as chemical enthalpy o f  molecules t h a t  d i f f u s e  because the  
gas composit ion var ies  w i t h  temperature. 
I n  d i ssoc ia t i ng  gases heat t ranspor t  m y  be much 
Large amounts o f  heat 
For example, i n  a gas t h a t  
absorbs heat by d i ssoc ia t i ng  as the  temperature i s  ra ised heat i s  t rans- 
por ted when a molecule d issoc iates i n  the hi9h-temperatur-e region and the  
fragments d i f f u s e  toward the  cooler  region. $ n  the  low-temperature region 
the  fragments recombine and release the  heat absorbed a t  h igh  temperature. 
When the chemical reac t ion  rates are  very high, chemical equ i l i b r i um 
can be assumed t o  e x i s t  l o c a l l y  throughout a gas mixture. It i s  then 
possible,  by d i f f e r e n t i a t i n g  the  equ i l i b r i um re la t i ons ,  t o  r e l a t e  the con- 
cen t ra t i on  gradients t o  the temperature gradient ,  
def ine an equi 1 ib r ium thermal conduc t i v i t y  Ae independent o f  apparatus 
geometry and scale:  
I n  t h i s  event one can 
2 e  = Jf + Jr (25) 
where 
thermal conduct iv i ty )  and ?+ i s  the  augmentation due t o  the  react ions.  
i s  the  conduc t i v i t y  i n  the  absence o f  reac t ion  ( the  "frozen" 
A general expression f o r  the  thermal conduc t i v i t y  due to  chemical re-  
act ions has been developed (51). (52) t h a t  i s  app l i cab le  t o  mixtures i n -  
vo l v ing  any number o f  reactants, i n e r t  d i l uen ts ,  and chemical e q u i l i b r i a ,  
provided chemical equ i l i b r i um e x i s t s  l o c a l l y  i n  the  temperature gradient.  
mple d i ssoc ia t i on  o f  t he  type A g n B  the  thermal conduc t i v i t y  due 
c a l  reac t ion  i s  
For a s 
t o  chem 
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Here DAB i s  the  b inary d i f f u s i o n  coe f f i c i en t  between components A and B, 
AH i s  t he  heat of  react ion,  and xA, XB a r e  the  mole f r a c t i o n s  o f  t he  com- 
ponents. Note t h a t  unless both species a r e  p resen t ,h r  i s  zero. Fur ther-  
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more, s ince i n  a d i ssoc ia t i ng  gas t h e  compos t i o n  var ies w i t h  pressure, 
we expect the heat conduc t i v i t y  t o  vary w i t h  pressure also. This i s  i n  
cnr\tr;lct t o  the behavior o f  nonreacting gases, f o r  which the  heat con- 
d u c t i v i t y  i s  independent o f  pressure. 
Experimental (53) and theo re t i ca l  (54) c o n d u c t i v i t i e s  f o r  the 
N2O4$ 2N02 system a t  one atmosphere a r e  shown i n  f i g u r e  8. 
curve ind icates the f rozen conduct iv i ty .  
t i o n  t o  the heat conduc t i v i t y ;  a t  the maximum (where the mass f r a c t i o n s  o f  
N2O4 and NO2 a re  equal) the conduc t i v i t y  i s  comparable t o  t h a t  o f  a l i g h t  
gas such as helium, and an order o f  magnitude greater than i n  the  chemical ly 
frozen gas mixture. 
The dashed 
Thus>, i s  the major cont r ibu-  
The t h e o r e t i c a l  expression f o r  a system invo lv ing  two react ions has 
been tested (55) f o r  the case o f  hydrogen f l u o r i d e  vapor. A t  moderate 
pressures the  PVT behavior o f  hydrogen f l u o r i d e  can be described i n  terms 
o f  a monomer-hexamer equi l ibr ium,  whi le low pressure data suggest a dimer 
as we l l .  Although the  actual  s t a t e  o f  the vapor i s  uncertain,  i t  appears 
t h a t  a t  low and moderate pressures the e q u i l i b r i a  
2HF$ (HF), AH2 = 7.4 kcal  
6HF $ (HF)6 AH6 = 40.5 kca l  
serve t o  speci fy  the  system ra the r  wel l .  
Computed and experimental (56) thermal c o n d u c t i v i t i e s  a r e  compared 
The s o l i d  l i n e  was computed assuming both dimer and hexamer i n  f i g .  9. 
e q u i l i b r i a ,  whereas the  dashed l i n e  was computed consider ing on ly  the 
hexamer equi l ibr ium.  Note the  extreme pressure dependence o f  t he  thermal 
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conduct iv i t y .  
hydrogen at  t he  same temperature and some 33 times the  f rozen thermal 
conduct iv i t y  expected i n  the  absence of reaction. The inc lus ion  o f  a dimer 
equ i l ib r ium markedly improves the  agreement between theory and experiment 
i n  the low-pressure region. 
The experimental s tud ies on n i t rogen t e t r o x i d e  and hydrogen f l u o r i d e  
The maximum conduc t i v i t y  i s  more than th ree  times t h a t  of 
prove the  v a l i d i t y  o f  the  theo re t i ca l  expressions f o r  thermal Conduct iv i t y  
of reac t ing  gases i n  chemical equ i l ib r ium.  The theory has a l s o  been 
successful ly app l i ed  t o  data for  the PCJs P C l 3  -t- C I 2  equ i l ib r ium.  
Svehla (45) has ca lcu  ated the thermal conduc t i v i t y  o f  equ i l i b r i um 
sleam a t  temperatures from 600° t o  5000°K. His r e s u l t s  a t  0.1 and 10 
atmospheres a r e  shown i n  f gure IO; t h i s  system involves four  simultaneous 
e q u i l i b r i a .  The s o l i d  curves a r e  the  e q u i l i b r i u m  conduc t i v i t i es ;  i n  
the regions o f  the  maxima they a r e  an order  o f  magnitude la rger  than the 
frozen conduct i v i  t i  es (dashed curves). 
Since Svehla's ca l cu la t i ons  o f  v i s c o s i t y  and heat conduc t i v i t y  use 
d i l u t e  gas theory which show deviat ions from experiment of  ten percent or  
more a t  lower temperatures ( f i gu res  4 and 5) we may expect comparable 
or la rger  e r ro rs  i n  the  h igh  temperature regime, perhaps on the order  o f  
twenty percent. These ca l cu la t i ons  may be useful nonetheless, as It i s  
l i k e l y  to  be some t ime before experimental data o f  t h i s  accuracy a r e  
ctvai lable fo r  temperatures much i n  excess of  2000OK. 
The theory we have considered thus f a r  assumes tha t  chemical reac t ions  
a r e  so rap id  t h a t  chemical e q u i l i b r i u m  p r e v a i l s  l o c a l l y  a t  a l l  po in t s  i n  
the gas mixture. I f  ra tes  a re  slower, heat conduction decreases and 
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approaches the  frozen value as the  rates approach zero. 
s ion has been der ived (57) f o r  the apparent thermal conduc t i v i t y  o f  
reac t i ng  ii;xtGii-as I r ;  :;.hick .if: L , ! z ~ ! s  J r e a r t i n n  proceeds a t  a f i n i t e  ra te,  
I n  contrast  t o  systems i n  which react ion rates a re  e i t h e r  very h igh o r  
very low, i t  i s  found t h a t  heat conduction depends on the  geometry and 
sca e o f  t he  system, as w e l l  as the  c a t a l y t i c  a c t i v i t y  o f  the surfaces and 
the gas phase react ion rate.  
A general expres- 
THE MODERATELY DENSE GAS 
As we have already discussed, the theory f o r  t he  t ranspor t  proper t ies 
of d i l u t e  monatomic gases i s  based on the  Chapman-Enskog s o l u t i o n  o f  the 
Boltzmann equation. I f  the intermolecular p o t e n t i a l  i s  known, the  t rans- 
p o r t  c o e f f i c i e n t s  can be obtained i n  terms o f  b ina ry  c o l l i s i o n  i n t e g r a l s  
(equations (5)-(7)). 
I n  the case o f  the moderately dense gas modern s t a t i s t i c a l  mechanical 
theory t r i e s  t o  account, i n  turn,  f o r  the e f fec ts  o f  b inary c o l l i s i o n s ,  
then t r i p l e  c o l l i s i o n s ,  then quadruple c o l l i s i o n s ,  etc.  Such an approach 
was i n i t i a t e d  by Bogol iubov (58). 
It i s  we l l  known t h a t  the equation o f  s t a t e  of  a gas can be represented 
by t he  v i r i a l  expansion: 
.. "... - =  PV 1 i Bp + Cp2 + RT 
I n  t h i s  ser ies the second term ar ises from in te rac t i ons  between p a i r s  o f  
moIecule:S, the t h i r d  from in teract ions between clusters of three molecules, 
etc.  U n t i l  r ecen t l y  i t  was genera l l y  be l ieved t h a t  the t ranspor t  proper- 





-1- B,f -k Cf2 -!- ... . . . . 
+ B3p c C2p2 -I- . .. . . . . 
because such an expansion was i m p l i c i t  i n  the theory o f  Bogoliubov. 
and A. are the low densi ty  values,) 
(Here 
However, de ta i l ed  examination o f  t he  quadruple c o l l i s i o n  i n t e g r a l s  
To 
which determine the  c o e f f i c i e n t s  C and C ind ica tes  t h a t  they become 
i n f i n i t e  as the  densi ty  approaches zero. 
1. 2 
These divergent c o e f f i c i e n t s  
were pred ic ted  by est imat ing the p r o b a b i l i t y  o f  the re levant  c o l l i s i o n  
events (59)-(62); they were l a t e r  confirmed by e x p l i c i t l y  eva lua t ing  
corresponding terms f o r  the t ranspor t  c o e f f i c i e n t s  o f  a two-dimensional 
gas o f  r i g i d  d isks  (63)-(65). (For the  two-dimensional gas the  divergence 
occurs i n  the B 
and C A  i s  propor t ional  t o  the  logar i thm o f  the  mean f r e e  path. 
densi ty  approaches zero, the  mean f r e e  pa th  tends toward i n f i n i t y ;  t h i s  
i s  the  source of the  divergence i n  C Since a t  low dens i ty  the  
mean f r e e  path i s  inverse ly  p ropor t iona l  t o  the  densi ty  i t  was suggested 
tha t  C and C A  be replaced by C I n  -I- D and C I n  -t D 2  (60)-(64). 
Consequently, equations (28) and (29) a re  replaced by 
z and BA terms.) It i s  found t h a t  t he  leading term i n  C ? 
As the  
and C2. 7 
3 r P  7 2 P  
and 
3 \=  
+ B q  
This conje,cture has been supported by f u r t h e r  theo re t i ca l  s tud ies  (61) * 
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The nature o f  t he  succeeding terms i n  equations (30) and (62) and (66). 
(31) i s  not known; i t  has been proposed t h a t  they include products o f  
powers of p and i n p  \ou), \VI J .  1 f - i  IC-\  
A recent analys is  by Hanley, McCarty, and Sengers (68) suggests 
tha t  equations (30) and (31) may be a b e t t e r  representat ion o f  experimental 
data than equations (28) and (29). Their procedure, discussed i n  d e t a i l  
f o r  the case o f  heat conduc t i v i t y  data o f  neon (69), i s  as fo l lows:  
f i r s t  they f i t  the  data t o  a l i n e a r  equation, corresponding t o  t h e  f i r s t  
two terms o f  equation (29) o r  (31), 
They s t a r t  by ob ta in ing  a l eas t  squares f i t  o f  s i x  t o  e igh t  data po in ts  
i n  the densi ty  range up t o  40 Amgat*. They then consider successively 
l a rge r  numbers o f  data po ints ,  u l t i m a t e l y  t o  a densi ty  o f  120 Amagat, and 
observe t h a t  t he  c o e f f i c i e n t s  2o and BA do not change s i g n i f i c a n t l y  nor 
does the  standard dev ia t i on  o f  t he  least  squares f i t  change. 
t h a t  equation (32) i s  cons is tent  w i t h  the  experimental data up t o  120 
They conclude 
Amaga t . 
Above 120 Amagat deviat ions f rom equation (32) occur; t he  standard 
d e v i a t i o n  increases and the coe f f i c i en tsA ,  and BA begin t o  d r i f t .  
t h i s  p o i n t  a quadrat ic term i s  added 
A t  
Equation (33) i s  then f i t  t o  the data, s t a r t i n g  w i t h  about 15 po in ts  i n  
-*. 
" The densi ty  i n  Amagat i s  t he  r a t i o  o f  the actual  densi ty t o  the  
dens i t y  a t  OOC and 1 atmosphere. 
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the densi ty  range 0-200 Amagat. The densi ty  range i s  aga 
t o  440 Amagat, w i t h  no s i g n i f i c a n t  changes i n  the c o e f f i c  
n increased, up 
and C 3 .  2 
ta ined i n  the l i n e a r  range t o  120 Amagat. This ind ica tes  t h a t  equation 
However, the  c o e f f i c i e n t  8 i s  8-17% smaller than the  value ob- 
( 3 3 )  i s  not cons is ten t  w i t h  the experimental data. 
Next they consider the cubic equation, 
and repeat t h e  procedure, s t a r t i n g  w i t h  the  range 0-560 Amagat and extend- 
i ng  i t  t o  800 Amagat. 
than the  f i t  i n  the l i n e a r  range, so t h a t  equation (34) i s  not  cons is ten t  
w i t h  the  data. 
Again the  important r e s u l t  i s  t h a t  E A  i s  smaller 
These r e s u l t s  a r e  suggestive, but  do not prove t h a t  equation (29) Is 
i ncor rec t ;  i t  i s  poss ib le  tha t  i n  the dens i ty  i n t e r v a l  to 800 Amagat the  
data should be f i t  t o  a higher order  polynomial. (However i f  a h igher  
order polynomial i s  requi red i t  i s  not  poss ib le  t o  o b t a i n  meaningful values 
o f  any o f  the c o e f f i c i e n t s  from the experimental data.) 
F ina l  l y ,  Hanley, McCarty, and Sengers (68) consider the equation 
obtained by t runca t ing  equation (31 ) .  Equation (35) i s  f i t  t o  the  data, 
s t a r t i n g  i n  the range 0-240 Amagat. The dens i ty  range can be extended t o  
720 Amagat wi thout  s i g n i f i c a n t  changes i n  the  c o e f f i c i e n t s  or  increase i n  
standard deviat ion. I n  cont ras t  t o  the polynomial f i t s  (equations (33) 
and (34)) ,  B i s  the same as the value obta ined i n  the  l i n e a r  range t o  
120 Amagat, w i t h i n  the standard dev ia t ion .  Thus equation (35) cons is ten t  
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w i t h  the experimental data. Hanley, McCarty, and Sengers (68) conclude 
t h a t  t h e i r  analys is  y i e l d s  meaningful values f o r  the f i r s t  dens i ty  c o e f f i -  
c i e n t  B They have appl ied t h i s  sort of analys is  t o  v i s c o s i r y  and ki-~et-iiicii x 
conduc t i v i t y  data on a number o f  other gases. 
These r e s u l t s  would seem t o  have bearing on the problem o f  co r re  
the  p roper t i es  o f  steam; Weinstock (61) ind icates t h a t  the consjderat 
leading t o  equations (30) and (31)  are not l i m i t e d  t o  molecules w i t h  
a t  i ng 
ons 
cen t ra l  f o r c e  laws. Hence these resu l t s  should a l so  apply t o  h i g h l y  po la r  
gases such as steam. Experimental thermal conduc t i v i t y  data should be 
c o r r e l a t e d  using equation (35) and v i s c o s i t y  data using the analogous 
express i on 
If more elaborate equations are required f u r t h e r  empir ical  terms can be 
added. 
Le t  us t u r n  now t o  the quest ion o f  the theo re t i ca l  p r e d i c t i o n  o f  
t he  c o e f f i c i e n t s  B 
c o l l i s i o n  i n teg ra l s .  Thus f a r  these t r i p l e  c o l l i s i o n  i n t e g r a l s  have 
evaluated on ly  f o r  a gas o f  r i g i d  e l a s t i c  spheres (70). 
and B which requires the evaluat ion of t r i p l e  P A 
However there have 
been several attempts t o  develop expressions f o r  87 and BA by in t roducing 
var ious approximations. The f i r s t  such theory was t h a t  o f  Enskog f o r  a 
dense gas o f  r i g i d  e l a s t i c  spheres (71). Enskog's values 
b c o l l i s i o n  c o n t r i b u t i o n  t o  f i r s t  density correct ions agree 
c a l c u l a t i o n s  t o  w i t h i n  f i v e  percent although there Is a t  
t h a t  t h i s  may be f o r t u i t o u s .  
for  the t r i p l e  
w i t h  Sengerls 
east t he  suggestion 
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Hoffman and Cur t iss  have general ized the  Enskog approach t o  inc lude 
the  e f fec t  o f  soft po ten t i a l s  (72), (73) and have evaluated the f i r s t  
dens i ty  correct ions f o r  the  Lennard-Jones (12-6) po ten t i a l  (74). This  
p o t e n t i a l  has an a t t r a c t i v e  w e l l  which leads t o  both bound and unbound 
two-par t i c le  t ra jec to r ies .  Thei r  ca l cu la t i ons  do not  consider the  bound 
states,  so t h a t  t h e i r  resu l t s  can be meaningful on l y  a t  h igh temperatures 
where bound s ta tes  a re  not important. 
A t  high temperatures t h e i r  p red ic t ions  a r e  i n  reasonable accord w i t h  
7 experimental data f o r  the noble gases, I n  p a r t i c u l a r ,  they f i n d  t h a t  B 
is  negativc whereas B2 i s  p o s i t i v e  i n  the  h igh temperature l i m i t .  
low temperatures t h e i r  r e s u l t s  do not  agree w i t h  experiment, presumably 
due t o  neglect o f  bound states.  
A t  
Because Enskog's approximation o f  the  t r i p l e  c o l l i s i o n  c o n t r i b u t i o n  
i s  i n  reasonable accord w i t h  Sengers r e s u l t s  (70) there  i s  a t  l e a s t  t he  
hope t h a t  the Hoffman and Cur t i ss  (74) ca l cu la t i ons  a re  good approximations 
t o  what might be obtained by a t r u l y  r igorous approach. 
Another approach f o r  approximating B- and B i s  more promising f o r  1 A 
use a t  low temperatures; t he  i n i t i a l  pressure dependence i s  assumed t o  
a r i s e  from molecular assoc iat ion,  and i n  p a r t i c u l a r ,  a mix tu re  o f  monomers 
and dimers. 
Hi rschfe lder  (75), and more recent ly  K i m  and Ross have c a r r i e d  ou t  a 
s i m i l a r  analysis f o r  v i s c o s i t y  (76), and, w i t h  Flynn, f o r  thermal conduct i -  
v i t y  (77). The treatments of reference (75) and re fs .  (76), (77) d i f f e r  
p r i n c i p a l l y  i n  the  way the equ i l i b r i um constant f o r  t he  monomer-dimer 
The f i r s t  treatment o f  t h i s  k i n d  was due t o  Storgryn and 
equ i l i b r i um i s  obtained. Hi rschfe 
s tates and metastable dimer s ta tes  
quasidimers; these a r e  p a i r s  o t  mo 
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der and Storgryn (75) consider bound 
whi le  K i m  and Ross (76) a l s o  consider 
ecuies i n  o r b i r i n g  co; ; i s icT is .  ( ~ h z y  
show t h a t  t he  l i f e t i m e s  o f  such p a i r s  i s  la rge  compared t o  c o l l i s i o n  times.) 
Thus t r i p l e  c o l l i s i o n s  i n  bo th  theor ies a re  replaced by b inary  c o l l i s i o n  
between monomers and dimers. 
Both theor ies  assume a Lennard-Jones (12-6) po ten t i a l  and i t  turns ou t  
t h a t  the  computed values o f  6 and B a re  sens i t i ve  t o  the fo rce  law 
assumed f o r  the  monomer-dimer in te rac t ion ;  consequently the  fo rce  constant 
f o r  t h i s  i n t e r a c t i o n  was adjusted t o  ob ta in  good agreement w i t h  experiment. 
Hence these theor ies may be h e l p f u l  i n  p r e d i c t i n g  the densi ty  behavior for  
molecules obeying a Lennard-Jones po ten t i a l ,  but  they cannot make predic-  
t i o n s  for molecules obeying very d i f f e ren t  Force laws i n  the  complete 
absence o f  experimental data. 
7 2 
Are any of these theor ies he lp fu l  i n  p red ic t i ng  and c o r r e l a t i n g  the  
p roper t i es  of steam? 
h e l p f u l  a t  h igh  temperature, provided the  intermolecular p o t e n t i a l  f o r  
The theory o f  Hoffman and Cur t i ss  (74) might be 
However, we 
a1 does not 
scosi t y  of 
steam can be approximated by a Lennard-Jones (12-6) po ten t i a l .  
have a l ready seen t h a t  the more sophis t icated Stockmayes potent 
do a good j o b  o f  c o r r e l a t i n g  the  h igh temperature,low densi ty  v 
steam -see f i g u r e  4. 
the  r e s u l t s  of Hoffman and Cur t i ss  (74) t u r n  out  t o  be app l icab le  t o  steam. 
I n  view o f  t h i s  f a i l u r e  i t  would seem f o r t u i t o u s  i f  
Barua and Oas Gupta (78) have appl i ed the  Storgryn-Hi rsch fe lder  type 
They seem t o  be ab le  t o  r a t i o n a l i z e  of ana lys is  t o  the  v i s c o s i t y  of steam. 
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the  exper mental observation o f  Kest ln  and Richardson (17) t h a t  below about 
315OC the  v i s c o s i t y  o f  steam decreases w i t h  increasing pressure. Das Gupta 
and Barua (79) have considered the  analogous problem of t he  thermal con- 
d u c t i v i t y  of steam. In  t h i s  case there a re  inconsistencies amongst 
experimental data on the densi ty  dependence o f  the heat conduc t l v i t y ,  SO a 
meaningful comparison w i t h  experiment Is not possible. 
To sum up, theor ies f o r  p r e d i c t i n g  the  c o e f f l c l e n t s  B and B a re  not 7 2 
developed t o  the po in t  where they can be appl ied t o  steam, 
reasonable t h a t  the Kim-Ross type o f  analys is  (76), (77) can be used t o  
o b t a i n  a q u a l i t a t i v e  understanding and r a t i o n a l i z a t i o n  o f  trends observed 
experimental ly. 
It seems 
THE CRITICAL REGION 
The c r i t i c a l  region i s  a region where many p roper t i es  show anomalous 
behavior. For example, the isothermal compress ib i l i t y  and the  c o e f f i c i e n t  
o f  thermal expansion become i n f i n i t e  a t  the c r i t i c a l  po int .  The s p e c i f i c  
heat a t  constant pressure I: i s  r e l a t e d  t o  the  compress lb i l i t y  so i t  
diverges also .  The compress ib i l i t y  and C diverge approximately as 
lT-Tcl-4’3 (80). Even the  s p e c i f i c  heat a t  constant volume i s  weakly 
divergent. 
should be a l e r t  t o  the  possibility o f  analogous behavior I n  the  t ranspor t  
coef f i c i ent s. 
P 
P 
I n  view o f  these anomalies i n  the  e q u i l i b r i u m  p roper t i es  we 
Let us f i r s t  consider the  v i s c o s i t y .  N a l d r e t t  and Maass (8)) were 
the f i r s t  t o  i nves t i ga te  the  v i s c o s i t y  o f  carbon d iox ide  i n  the c r i t i c a l  
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region i n  d e t a i l .  
o f  i t s  convenient c r i t i c a l  temperature o f  31.0°C.) 
(Carbon d iox ide  i s  a f a v o r i t e  subject  of study because 
When t h e i r  data a t  
3 1 .  i C c  a r e  piotter; d, a c- . - -~t - - .  I ~ ~ ~ , . ~ ~ ~ ~ ~  o f  deoslty there  appears t o  be a small  
anomalous increase i n  the v i s c o s i t y  near the  c r i t i c a l  dens i t y -see  f i g u r e  
11. Na ld re t t  and Maass (81) used an o s c i l l a t i n g  d i sc  viscometer. On the  
other  hand, Michels, Botzen and Schuurman (82) us ing a c a p i l l a r y  viscometer 
found a much la rger  anomaly, a f a c t o r  o f  2 a t  31.1OC (not shown i n  f i g u r e  
11).  The c a p i l l a r y  method i s  not  su i ted  t o  the  c r i t i c a l  region; because 
o f  the  la rge  compress ib i l i t y  there i s  a la rge  densi ty  gradient i n  the  
capi 1 l a r y .  
Kest in,  Whitelaw, and Z ien (83) re invest igated using an o s c i l l a t i n g  d isc  
instrument. Thei r  data ( f i g u r e  11) i nd ica te  t h a t  any anomalous increase 
i n  v i s c o s i t y  i s  much smal ler  than reported by Michels and coworkers. A t  
31.1 they found an anomalous Increase o f  about the  same amount as reported 
by Na ld re t t  and Maass. 
c r i t i c a l  temperature, the  anomaly has completely vanished -see the  dashed 
curve i n  f i g u r e  11.  
To resolve the  discrepancies between references (81) and (82) 
A t  34.1cC, only one percent above the  absolute 
The s ign i f i cance  o f  these small experimental anomalies On v i s c o s i t y  i s  
no t  c l e a r  a t  t h i s  t ime (84). The e f f e c t  may be merely a consequence of 
experimental d i f f i c u l t i e s  near the  c r i t i c a l  po int .  On the  o ther  hand a 
and S w i f t  (85) suggests t h a t  t he  
t h e r  weakly divergent or  s t rong ly  
recent t heo re t i ca l  study by Kadanoff 
v i s c o s i t y  a t  the  c r i t i c a l  p o i n t  i s  e 
cusped. 
We t u r n  now t o  the  heat conduct v i t y .  There has been controversy i n  
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the  past as t o  the  presence o r  absence o f  an anomalous increase i n  the 
thermal conduct iv i t y  i n  the  c r i t i c a l  region (a), (86). However, i t  now 
seems d e f i n i t e  t h a t  there is an anomaly and t h a t  the  heat conduc t i v i t y  
diverges approxi mat e l  y as lT-Tc (-2'3. 
The f i r s t  de ta i l ed  survey o f  the  c r i t i c a l  region f o r  carbon d iox ide  
He used a concentr ic  cy l i nde r  apparatus was due t o  Guildner (87), (88). 
and was not ab le  t o  avoid heat t ranspor t  due t o  natura l  convection. How- 
ever, by making measurements w i t h  var ious temperature d i f fe rences  and 
ex t rapo la t ing  t o A T  = 0 he concluded t h a t  there i s  a pronounced anomaly 
i n  the  thermal conduct iv i t y .  
t ak ing  work o f  Michels, Sengers, and van der Gu l ik  (89)-(91) who used a 
p a r a l l e l  p l a t e  apparatus and thus avoided problems due t o  na tura l  convec- 
t i o n .  
demonstration o f  the heat conduc t i v i t y  anomaly. However, the  e f f e c t  has 
s ince been observed f o r  o ther  gases inc lud ing  a m n i a  (92), (93), su l fu r  
hexaf luor ide (94), methane (95) and argon (96). 
The data o f  Michels, Sengers, and van der Gu l i k  a r e  shown i n  f i g u r e  
12, as p l o t s  o f  thermal conduc t i v i t y  against  dens i ty  for  several isotherms. 
The maximum a t  31.2OC and c r i t i c a l  dens i ty  i s  about s i x  times as l a rge  as 
would be predic ted from the smooth dashed curve connect ing low and h i g h  
densi ty  data. 
po in t .  As the temperature i s  ra ised the  anomaly decreases rap id l y .  A t  
32.I0C, the  heat conduc t i v i t y  i s  on l y  about 40% as la rge  as a t  31.2' and 
when the  temperature i s  ra ised t o  75OC the  anomaly i s  bare ly  percept ib le .  
Th is  conclusion was confirmed by the  pains- 
These measurements a r e  the  most extensive and convincing d i r e c t  
This temperature i s  less than 0.2OC above the  c r i t i c a l  
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For example, a t  The anomaly occurs over a narrow range of pressures. 
31.2O the  densi ty  doubles from 0.3 t o  0.6 gm/cm3 when the pressure i s  
ra ised aboui thrsa peiczfit f r ~ m  7!.5 tn  73-9 atmospheres. 
conduc t i v i t y  anomaly may be missed e n t i r e l y  unless measurements a re  made a t  
pressures corresponding very c lose ly  to  c r i t i c a l  density. 
Thus the heat 
Very recen t l y  t he  thermal conduc t i v i t y  anomaly has been v e r i f i e d  by 
an e n t i r e l y  d i f f e r e n t  experimental technique, namely laser l i g h t  sca t te r -  
ing. 
Sengers and Leve l t  Sengers (97) and a more exhaustive review i s  given by 
Mclntyre and Sengers (98). 
by f l u i d s  consis ts  o f  a cen t ra l  Ray eigh l i n e  a t  the wave length of  t he  
l i g h t  source and two symmetrical ly isplaced B r i l l o u i n  l ines.  The sca t te r -  
ing  i s  caused by f l u c t u a t i o n s  i n  the  f l u i d .  The B r i l l o u i n  l i n e s  a re  due 
t o  f l uc tua t i ons  i n  pressure a t  constant entropy, t h a t  i s  sound waves. 
Sound waves propagate a t  t he  sound speed which leads t o  the Doppler d l s -  
placement of the B r i l l o u i n  l i n e s  from the  source frequency. 
o f  t he  B r i l l o u i n  l i n e s  i s  a measure o f  t he  sound at tenuat ion.  The cen t ra l  
Rayleigh l i n e  i s  due t o  f l uc tua t i ons  o f  entropy a t  constant pressure. 
An abbreviated discussion o f  t h i s  subject has been presented by 
Very b r  e f l y ,  t he  spectrum o f  l i g h t  scat tered 
The w id th  
These 
do not  propagate but decay by heat conduction. 
t h e  Rayleigh l i n e  i s  propor t ional  t o  t he  thermal d i f f u s i v i t y ,  > /  c 
F i n a l l y ,  t he  r a t i o  of the i n t e n s i t y  o f  the Rayleigh l i n e s  t o  the  
t h e  i n t e n s i t i e s  o f  the B r i l l o u i n  l ines is  (C /C ) - 1 .  I n  the c r i t  ca l  reg 
C diverges much fas te r  than Cv, so t h a t  most o f  the i n t e n s i t y  o f  t he  
sca t te red  l i g h t  goes i n t o  the Rayleigh l i n e .  
Consequently the  w i d t h  of 
P p' 
um of 





Thus i f  one can measure the  w id th  of the  Rayleigh l i n e  and knows the  
behavior o f  C 
This method does not requ i re  imposi t ion o f  macroscopic temperature gra- 
one has another method o f  determining thermal conduct iv i t y .  
P ’  
d ien ts  so t h a t  there a re  no distrubances due t o  natura l  convection and 
the  c r i t i c a l  po in t  can be approached as c lose ly  as desired. 
However, u n t i l  very recent ly  i t  has not been poss ib le  t o  measure 
Rayleigh l i n e  width i n  the  c r i t i c a l  region since the  l i n e  widths a re  fa r  
too narrow t o  be measured by conventional spectroscopic methods. With the  
advent o f  the laser,  however, new h igh  reso lu t i on  spectroscopic techniques 
are  poss ib le  so t h a t  the  scat tered spectrum can be measured w i t h  remarkable 
accuracy. 
The f i r s t  measurements o f  Rayleigh l i n e  w ld th  near the  c r i t i c a l  po in t  
I 
were those o f  Ford and Benedek (99), (100) on s u l f u r  hexaf luor ide.  Swinney 
and Cummins (101) have measured the thermal d i f f u s i v i t i e s  o f  carbon d iox ide  
along the  c r i t i c a l  isochore from 0.02 t o  5.3OC above the  c r i t i c a l  tempera- 
t u r e  and a lso along the gas and l i q u i d  sides o f  the  coexistence curve. 
Their  resu l ts  on the c r i t i c a l  isochore a r e  shown i n  f i g u r e  I 3  along w i t h  
the data of Seigel and Wilcox (102). obtained by the  same technique. The 
open squares a re  thermal d i f f u s i v i t i e s  ca lcu la ted  from experimental heat 
conduc t i v i t i es  combined w i t h  equation o f  s t a t e  data (103). The slope of 
the  l i n e  i s  0.73 so t h a t  the thermal d i f f u s i v i t y  i s  p ropor t iona l  t o  (T-TcI 
Along the l i q u i d  s ide  of the  coexistence l i n e  Swinney and Cummins f i n d  the  
0 . 7 3  . . 
0.72 
thermal d i f f u s i v i t y  p ropor t iona l  t o  IT-Tcl and along the  gas s ide  i t  
0.66 
var ies  a t  I T - T ~ ~  . 
Osmundson and White (104) have a lso measured Rayleigh l i n e  widths 




c) I 3  
lT-Tc(L‘’. Saxman and Benedek (105) have s tud ied s u i f u r  hexa i i uo i i de  sfid 
f i n d  along the coexistence curve the l i n e  w id th  propor t ional  t o  lT-Tcl  
But along the  c r i t i c a l  isochore above the  c r i t i c a l  p o i n t  they f i n d  l i n e  
w id th  propor t ional  t o  (T-Tc11*27e This l a s t  r e s u l t  i s  i n  disagreement w i t h  
a l l  the data on carbon d iox ide and mer i ts  f u r t h e r  i nves t i ga t i on ,  
0.64 
Thus the i n d i c a t i o n  i s  t h a t  i n  the c r i t i c a l  reg ion the  thermal d i f f u s i -  
v i t y  tends toward zero approximately as 1T-TCl2/3. 
IT-Tc(-4’3, t h i s  impl ies t h a t  the thermal c o n d u c t i v i t y  must a l so  tend 
toward i n f i n i t y  and be propor t ional  to  (T-Tc(-2’3. T h i s  i s  i n  accord w i t h  
the recent t h e o r e t i c a l  i n v e s t i g a t i o n  o f  Kadanoff and S w i f t  (85) which i n -  
d icates t h a t  t he  thermal conduc t i v i t y  whould diverge i n  t h i s  same fashion 
Since C diverges as 
P 
on the  c r i t i c a l  isochore and the  coexistence curve. 
Thus i t  seems wel l -estab l ished tha t  the heat conduc t i v i t y  does indeed 
have a pronounced anomaly i n  the  c r i t i c a l  region, It has been suggested 
(go), (91) t h a t  t h i s  may be due t o  the presence o f  large c l u s t e r s  o f  mole- 
cules i n  the  gas. In the presence of  a temperature gradient these c l u s t e r s  
tend to form i n  the  cool regions and d i f f u s e  t o  the  warm regions where they 
break up and absorb heat i n  t h e  process. This i s  q u i t e  analogous t o  the  
s i t u a t i o n  i n  the  d i ssoc ia t i ng  gas which we have already discussed. Indeed, 
we can apply the  theory o f  heat conduction i n  a chemical ly reac t i ng  t o  
p r e d i c t  heat c o n d u c t i v i t i e s  o f  t he  r i g h t  order o f  magnitude, and by an ad 
hoc adjustment the theory can be made near l y  q u a n t i t a t i v e .  
42' 
We begin by imagining t h a t  the heat conduct 
? \ =  & + >r*  
v i  t y  cons 
Here 2r  represents the c o n t r i b u t i o n  due t o  d i f f u s i o n  and 
s t s  o f  two pa r t s  
(37) 
d issoc ia t i on  of  
c l u s t e r s  whereas & represents the r e s t  o f  the heat conduct iv i ty - the dashed 
curve i n  f i g u r e  12. 
O f  course there must be a whole spectrum o f  c l u s t e r  sizes. Hdwever, 
f o r  s i m p l i c i t y  we w i 1 , I  assume t h a t  the gas can be approximated as con- 
s i s t i n g  o f  a monomer and a ' s i n g l e  la rge  c l u s t e r  o f  n motiomer u n i t s .  I n  
o ther  words, we assume a s i n g l e  reac t ion  
A 
"XI 7 Xn. 
We w i l l  r e l a t e  the thermal conduc t i v i t y  t o  o ther  experimental q u a n t i t i e s  
such as the s p e c i f i c  heat and the compress ib i l i t y .  I n  t h i s  way we can hope 
t h a t  some of the crude aspects o f  the model w i l l  be ameliorated. 
For a gas w i t h  a s ing le  d i ssoc ia t i on  we have a l ready seen t h a t  
(see equation (26)). Here XI and xn are  the mole f r a c t i o n s  o f  the monomers 
and c lus te rs  wh i l e  D l n  i s  the b inary  d i f f u s i o n  c o e f f i c i e n t  between monomers 
and c lus te rs .  
The s p e c i f i c  heat o f  such a reac t i ng  gas i s  a l s o  augmented by an 
amount ( 5 )  
1 P AH2 X I X n  - -  e c =  
p RT RT (xI + nxn)2 P 
By combining equations (39) and (40) we f i n d  
Equation (41) i s  a l s o  co r rec t  f o r  a system invo lv ing  m u l t i p l e  e q u i l i b r i a  
provided a l l  the b inary d i f f u s i o n  c o e f f i c i e n t s  between the  various mole- 
c u l a r  species a r e  numerical ly equal. (This fo l l ows  by inspect ion o f  the 
theo re t i ca l  expressions f o r  C (106) and Ar (52) .) 
? r  
Let us now r e w r i t e  equation (41) as 
where D i s  t he  s e l f  d i f f u s i o n  c o e f f i c i e n t .  Experiment ind icates t h a t  t he re  
i s  no anomaly i n  D i n  the c r i t i c a l  region. Thus Trappeniers and Oosting 
(107) f i n d  t h a t  t he  s e l f  d i f f u s i o n  c o e f f i c i e n t  o f  methane i n  the  c r i t i c a l  
region i s  w i t h i n  5% o f  the low densi ty value, and DePat (108) has ob- 
ta ined a s i m i l a r  r e s u l t  f o r  argon. Hence we w i l l  take D as the  low densi ty  
value, given by Chapman-Enskog Theory, equation 3 .  
expressions f o r  t he  b inary and s e l f  d i f f u s i o n  c o e f f i c i e n t s  we o b t a i n  
From the  Chapman-Enskog 
i s  t he  d i f f u s i o n  cross sect ion f o r  the monomer-monomer 
( 1  ,I)>\ 
i s  the corresponding cross sect ion f o r  t he  
2 ( 1  , l y e  
i n t e r a c t i o n  whi l e q n G n  
monorner-cluster i n te rac t i on .  
We can make a crude estimate of the  r a t i o  o f  cross sect ions as fo l lows:  
I f  we assume the  molecules behave as r i g i d  spheres then and 
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a re  by d e f i n i t i o n  un i ty .  We a lso  would expect t h a t  the  volume 
o f  the  c l u s t e r  should be propor t iona l  t o  the number of  p a r t i c l e s  i t  con- 
ta ins,  
- -  - bn 6,3 
T3 
where6, i s  the diameter o f  the c l u s t e r  and b i s  a f a c t o r  re la ted  to  the  
geometry and densi ty  of the c lus te r .  
spher ica l  and the  densi ty  corresponding t o  a c loses t  packing o f  spheres, 
(coordinat ion number 12) 74.05% o f  the  volume i s  occupied and b = 0.7405-1 = 
1.35. On the other hand, i f  the  c l u s t e r  i s  s t i l l  spher ica l ,  but has the 
more open s t ruc tu re  of a diamond l a t t i c e  (coord inat ion number 4) b = 3 .  
Assuming the usual combination r u l e , C n  = f (6;  i- rn), 
For example, i f  the  c l u s t e r  i s  
Thus we can p red ic t  the  thermal conduc t i v i t y  anomaly from equations (421, 
(45) and the s p e c i f i c  heat, provided we can e s t a b l i s h  values o f  b and n. 
As t o  the c l u s t e r  s i ze  n, the  most obvious course i s  to  requ i re  t h a t  
the gas densi ty  and compress ib i l i t y  a r e  appropr ia te f o r  an ideal  gas mix- 
t u r e  o f  the  monomer and c lus te r .  Thus 
PM PMI t;:, + nx,) P = *  = RT 
subject  t o  the equ i l i b r i um cond i t i on  
45 
(47) 
Where P p  Pn a r e  the p a r t i a l  pressures o f  the monomer and c l u s t e r ,  P i s  
the t o t a l  pressure, wh i l e  the  equ i l i b r i um constant Kp i s  a func t i on  o f  
temperature alone. 
A f t e r  s t ra igh t fo rward  p a r t i a l  d i f f e r e n t i a t i o n  fo l lowed by considerable 
algebra, we f i n d  t h a t  
PW 
1 - -  RT 
I n  f i g u r e  14 experimental thermal c o n d u c t i v i t i e s  o f  carbon d iox ide  a re  
compared w i t h  values ca l cu la ted  f r o m  equations (37), (42) and (45). The 
normal c o n t r i b u t i o n  t o  the heat c o n d u c t i v i t y , 2 f ,  was taken from the  dashed 
curve o f  f i g u r e  12. The ca l cu la t i ons  have been made f o r  b = 1,35 (c losest 
packing, coord inat ion number 12) and b = 3 (diamond l a t t i c e ) .  There i s  
q u a l i t a t i v e  agreement w i t h  experiment; predic ted c o n d u c t i v i t i e s  a r e  of  the 
r i g h t  o rder  of magnitude and show the co r rec t  densi ty  dependence. If one 
bel ieves the  model, i t  would seem that t he  l a rge r  c l u s t e r s  a re  more compact 
and t h e  smal ler  ones more loosely organized. 
What i s  t he  asymptotic behavior as TJT,? The compress ib i l i t y  diverges 
as 1T-Tc1-4’3 so t h a t  n w i l l  d iverge i n  the  same fashion and D l n / D  w i l l  tend 
t o  zero  as lT-Tc18/9. The s p e c i f i c  heat a l s o  diverges as IT -Tc l  -4/3 , so 
1 -4/9 
t h a t  we p r e d i c t  t h a t  the heat conduc t i v i t y  w i l l  d iverge as IT-Tc( 
But we have already seen t h a t  the conduc t i v i t y  diverges more rap id l y ,  as 
. 
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We can apply  an ad hoc f i x  by assuming tha t  b var ies  as ~I-I’~, which 
gives the  cor rec t  asymptotic behavior, Consequently we replace equation 
(45) by 
where the  constant 2.1 has been chosen t o  g i ve  a good f i t  t o  the  exper i -  
mental data. 
Calcu lat ions for  which equation (45) was replaced by equation (49) 
a r e  compared w i t h  experiment i n  fugure 15. The agreement between theory 
and experiment i s  now ra ther  good. The most serious discrepancy i s  i n  the  
v i c i n i t y  of t h e  maximum i n  the  3 1 . 2 O C  and there  i s  an i n d i c a t i o n  t h a t  the 
experimental data may be somewhat too h igh  i n  tha t  reg ion -see f i g u r e  13. 
Thus equations (42), (48) and (49) would appear to  prov ide a reasonable 
means of est imat ing the  anomalous increase i n  heat conduc t i v i t y  i n  the  
c r i t i c a l  region. 
This resu l t  should be d i r e c t l y  app l i cab le  t o  steam. The skeleton 
tab les do not recognize any heat conduc t i v i t y  anomaly i n  the  c r i t i c a l  region. 
Yet there  i s  no reason t o  be l i eve  t h a t  steam i s  any way unusual i n  t h i s  
regard. Indeed, there seems t o  be noth ing unusual about the  thermodynamic 
anomalies of steam i n  the c r i t i c a l  region. Steam behaves very much l i k e  
o ther  gases (109). S p e c i f i c a l l y ,  equations (42), (48) and (49) should be 
d i r e c t l y  app l i cab le  to steam I n  the  absence of  experlmental data these 
equations can be used t o  es t  mate the  thermal conduc t i v i t y  anomaly f r o m  the 
s p e c i f i c  heat and compressib l i t y .  The q u a n t i t y p D  can be estimated From 
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the low densi ty v i s c o s i t y  near the  c r i t i c a l  temperature: 
This i s  a good approximation f o r  most r e a l i s t i c  intermolecular f o rce  laws. 
The c r i t i c a l  anomaly i n  v i s c o s i t y  i f  any, seems t o  be small and can 
be ignored f o r  p r a c t i c a l  engineering purposes. 
a t  
The theory 
he present 
THE LDQUllD STATE 
o f  t he  l i q u i d  s t a t e  i s  an area o f  very a c t i v e  research 
ime, but as yet  we have not achieved a t r u l y  q u a n t i t a t i v e  . 
desc r ip t i on  even fo r  simple f l u i d s  wi thout i n t e r n a l  s t r u c t u r e  - i n  o ther  
words, the noble gases. Thus i n  in t roducing an a r t i c l e  on approximate 
theor ies o f  the l i q u i d  s t a t e  de Boer and Uhlenbeck (110) asser t  ” I n  our 
op in ion the a r t i c l e  shows c l e a r l y  how much, o r  perhaps one should say how 
l i t t l e ,  one knows a t  present about the l i q u i d  s ta te :  the theory o f  l i q u i d s  
i s  s t i l l  one o f  the unsolved problems i n  s t a t i s t i c a l  mechanics.” 
The a r t i c l e  i n  question concerned e q u i l i b r i u m  proper t ies.  One might 
suspect t h a t  the s i t u a t i o n  w i t h  respect t o  the  t ranspor t  c o e f f i c i e n t s  would 
be no b e t t e r .  
( 1 1 1 )  i n  reviewing a new book on the theory o f  simple dense f l u i d s :  
”Numerical ca l cu la t i ons  of v i scos i t y ,  thermal conduc t i v i t y ,  and d i f f u s i o n  
a r e  compared w i t h  experiment, and agreement i s  t y p i c a l l y  no b e t t e r  than 
w i t h i n  a f a c t o r  o f  two. (This may be not much b e t t e r  than one can get 
from dimensional analys is  and the  simplest o f  physical  p ictures.) I l  It 
might be added t h a t  t h i s  modest r e s u l t  i s  achieved a t  t he  expense of a 
This suspic ion i s  confirmed by a statement made by Zwanzig 
ra ther  considerable numerical e f f o r t .  
This i s  the s i t u a t i o n  w i t h  regard t o  simple f l u i d s .  Thus i t  i s  ob- 
vious t h a t  theory has v i r t u a l l y  noth ing t o  of fer  i n  descr ib ing water. 
water molecule has i n t e r n a l  energy s ta tes  and a large d ipo le  moment as w e l l .  
These w i l l  c e r t a i n l y  lead t o  much f u r t h e r  complexity. 
The 
CONCLUDING REMARKS 
S t a t i s t i c a l  mechanical theor ies o f  t ranspor t  p roper t ies  can help i n  
c o r r e l a t i n g  and se lec t i ng  proper t ies  o f  steam under many condi t ions where 
experimental data a re  avai lab le.  And theory can make reasonable pre- 
d i c t i o n s  f o r  some regimes i n  which there  i s  no data. 
The theory for  the  d i l u t e  monatomic gas i s  w e l l  developed and app l ies  
we l l  t o  the noble gases. 
these gases from t h e i r  v i scos i t i es .  
experimental determinations o f  the  v i s c o s i t y  of  steam can be i n  a la rge  
measure resolved by reexamining the  data o f  inves t iga tors  who a l s o  measured 
the  v i scos i t y  of  argon. I n  t h i s  fashion i t  i s  possible,  i n  essence, t o  
r e c a l i b r a t e  t h e i r  apparatus based on recent and more re1 i a b l e  v i s c o s i t i e s  
f o r  t h i s  gas. 
t he  heat conduct iv i t y  also.  The theory for  polyatomic gases i s  not  ye t  a b l e  
to make pred ic t ions  r e l i a b l e  enough t o  choose among c o n f l i c t i n g  experimental 
data. 
Thus one can p red ic t  heat conduc t i v i t i es  o f  
Cer ta in  discrepancies amongst var ious 
A s i m i l a r  procedure reduces discrepancies i n  the  case of  
There are no data on the  proper t ies  o f  steam a t  temperatures above 
20OO0C where d i ssoc ia t i on  occurs. 
of magnitude increase i n  the  heat conduc t i v i t y  due t o  d i ssoc ia t i on  reac t ions  
Here theory must be used and an o rde r  
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Predicted proper t ies may be i n  e r r o r  by roughly twenty i s  t o  be expected. 
percent. 
Turning t o  the moderately dense gas, recent theoret  i c a i  aeveiopiwnts 
i nd i ca te  the co r rec t  mathematical form f o r  the f i r s t  few terms i n  the  
ser ies expansion f o r  the t ranspor t  c o e f f i c i e n t s  as a func t i on  o f  density. 
These include, f i r s t  a constant ( the d i l u t e  gas v i s c o s i t y  o r  heat conduc- 
t i v i t y ) ,  next a terml propor t ional  t o  densitty\ fo l lowed by terms propor t ional  
t o p 2  andp21np. The nature of higher terms i s  not known. This form 
should be app l i ed  i n  c o r r e l a t i n g  proper t ies o f  steam. 
theory i s  not yet  ab le  t o  p r e d i c t  the values o f  the c o e f f i c i e n t s  o f  the 
terms i n  these densi ty  expansions. 
On the other hand, 
In  the c r i t i c a l  region there i s  an anomaly i n  the  heat conduct iv i ty .  
I t tends toward i n f i n i t y  as the c r i t i c a l  p o i n t  i s  approached. A simple 
theory based on the  d i f f u s i o n  and d i ssoc ia t i on  o f  l a rge  c l u s t e r s  can be 
adjusted t o  make q u a n t i t a t i v e  predic t ions o f  t h i s  heat conduc t i v i t y  anomaly 
f o r  steam. 
c lose  t o  the c r i t i c a l  point . )  
(There i s  as yet  no r e l i a b l e  experimental data on steam very 
The theory o f  the l i q u i d  s t a t e  has not advanced s u f f i c i e n t l y  t o  be 
usefu l  f o r  p r e d i c t i n g  &r c o r r e l a t i n g  the  p roper t i es  o f  water. 
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Figure 1. - Viscosity-temperature quotient for argon as a function of tem- 
perature. 
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Figure 2. - Viscosity-temperature quotient for steam d5 a function of tempera- 
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Figure 3. - Thermal conductivity-temperature quotient for  steam as a func- 
t ion  of temperature. 
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Figure 6. - Equilibrium composition of steam at one atmosphere as a func- 
tion of temperature (Svehla, Ref. 45). 
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Figure 10. - Calculated thermal conductivities of 
equi l ibr ium steam at high temperatures. 
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Figure 11. - The viscosity of COz near the  cri t ical tem- 
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Figure 12. - The thermal conductivi ty of carbon dioxide (from Sengers 
(86)). 
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Figure 13. - Thermal diffusivity of carbon dioxide along the cr i t ical  iso- 
chore (from Ref. 101). 
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Figure 14. - Comparison of calculated and experimental thermal con- 
ductivities of carbon dioxide. T = 31.2" C (Eqs. (37), (421, (451, and 
(48)). 
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Figure 15. - Calculated and experimental thermal con- 
ductivities of carbon dioxide (Eqs. (37), (@), (48h and 
(49)). 
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